Results
Immune therapy of cancer is among the most promising recent advances in medicine. Whether the immune system can keep cancer in check depends on, among other factors, the efficiency of immune cells to recognize and eliminate cancer cells. We describe a time-resolved single-cell assay that reports the quality, quantity, and kinetics of target cell death induced by single primary human natural killer (NK) cells. The assay reveals that single NK cells induce cancer cell death by apoptosis and necrosis but also by mixed forms. Inhibition of either one of the two major cytotoxic pathways, perforin/granzyme release or FasL/FasR interaction, unmasked the parallel activity of the other one. Ca 2؉ influx through Orai channels is important for tuning killer cell function. We found that the apoptosis/necrosis ratio of cancer cell death by NK cells is controlled by the magnitude of Ca 2؉ entry and furthermore by the relative concentrations of perforin and granzyme B. The possibility to change the apoptosis/necrosis ratio employed by NK cells offers an intriguing possibility to modulate the immunogenicity of the tumor microenvironment.
State-of-the-art immunotherapy against cancer includes CAR T-cell therapy (1, 2) , checkpoint inhibitor therapy (3, 4) , or other antibody-based therapies (5, 6) , such as rituximab against CD20 ϩ lymphoma (7, 8) . Cancer therapies commonly converge on the cytotoxic arm of the immune system (3, 9, 10) . Both cytotoxic T lymphocytes (CTL) 3 and natural killer (NK) cells are involved in the immune surveillance of cancer. Whereas CTL recognize specific peptides presented by MHC-I using the T-cell receptor, NK cells analyze both activating and inhibitory ligands on the target cell with their germ line-encoded receptor repertoire and integrate these signals. Upon activation, killer cells form a tight contact with the target called the immune synapse (IS) and polarize lytic granules (LG) as well as other organelles and molecules toward the contact site (11, 12) .
LG contain the pore-forming protein perforin, which, upon release, generates holes in the target cell membrane and allows serine proteases called granzymes to enter the cytosol of the target cell. If this local membrane disruption cannot be neutralized by the target cell, cell death by rapid swelling and lysis follows (necrosis). If membrane integrity can be restored, the injected granzymes induce cell death by caspase activation and subsequent caspase-dependent apoptosis (13) . In addition to the granule-based killing pathway, another well-established killing mechanism involves the interaction of Fas ligand (FasL) on cytotoxic cells with Fas receptor (FasR)-positive target cells inducing target cell apoptosis (14) . Whereas CAR T-cell therapy has been well-established in the clinic for several years, much work is currently focused on exploring the anti-tumor potential of primary human NK cells and also the cell line NK-92 in the clinic (9, 15) .
Malfunctioning of NK cells' and CTL's perforin is, in its severest case, associated with life-threatening hyperinflammation as part of hemophagocytic lymphohistiocytosis (16) . Whereas the complete absence of perforin function is a rare disease presenting with severe symptoms during infancy (familial hemophagocytic lymphohistiocytosis 2), hypomorphic mutations with reduced perforin concentration or function are more frequent in the population (16, 17) . Although not immediately life-threatening, a reduced perforin function is linked with increased susceptibility to late-onset hemophagocytic lymphohistiocytosis (16, 18) and development of cancer (17) (18) (19) . These findings highlight the importance of analyzing NK cell and CTL cytotoxicity in a detailed and quantitative manner. a red fluorescent protein (RFP) fused by a linker containing the caspase recognition sequence DEVD. Because the DEVD sequence is not caspase-3-specific but cleaved by caspase-3 and -7 as well as other caspases (21, 22) , we prefer to refer to the construct as Casper and not Casper3 to acknowledge this fact. Due to the close proximity of GFP and RFP in Casper-GR and their matched emission and excitation spectra, a considerable part of the GFP energy will be transferred to RFP in a radiationless manner by FRET, leading to red fluorescence upon excitation with blue light. Upon cleavage of the linker by caspase activity, this red fluorescence will decrease as a result of the increasing distance of the fluorophores, whereas an increase in green fluorescence will be detected. These two target cell lines were chosen because they greatly differ in their expression of the Fas receptor (FasR) CD95. Jurkat E6-1 cells express FasR and K562 cells do not express FasR (23, 24) .
To test the viability of Jurkat pCasper and K562 pCasper cells, both cell lines were imaged for 6 h at 37°C, 5% CO 2 , acquiring GFP, RFP, and FRET emission. Counting dead cells after 6 h revealed that under these conditions, 4.1% of Jurkat pCasper and 1.8% of K562 pCasper cells (n ϭ 296 or n ϭ 284, respectively) showed signs of apoptosis ( Fig. 1, a and b) , comparable with control cells. Thus, monoclonal viable Jurkat pCasper and K562 pCasper cells positive for both GFP and RFP expression ( Fig. S1 ) were successfully generated.
Using flow cytometry analysis and quantitative RT-PCR, we confirmed the findings by others (23, 24) that Jurkat E6-1 but not K562 cells express FasR (Fig. S2 (a and b) and Table S1 ). Importantly for our study, this expression profile was not changed by stable pCasper-GR transfection (Fig. 2, c and d) .
To verify pCasper-GR functionality, Jurkat pCasper ( Fig. 1c ) or K562 pCasper ( Fig. 1d ) cells were incubated for 6 h with the apoptosis inducer staurosporine (2.5 M) or the CD95-activating antibody Apo 1-1 (5 g/ml). In both cell lines, staurosporine caused cell death ( Fig. 1 (c and d) , top panels), which was verified by cell blebbing and cell shrinking. Fluorescence intensity decreased in the FRET channel (red) and correspondingly increased in the GFP channel (green), indicating caspase dependent cleavage of the recognition sequence DEVD. The functionality of the CD95 antibody Apo 1-1, however, was restricted to Jurkat pCasper cells (Fig. 1c, bottom) . K562 pCasper cells showed no sign of cell death following Apo 1-1 incubation, and cells remained orange (Fig. 1d, bottom) . These results confirm functionality of Jurkat pCasper and K562 pCasper cell lines to specifically measure caspase-dependent apoptosis and also provide further functional evidence for the presence of FasR in Jurkat pCasper but not in K562 pCasper cells.
To define time points of apoptosis induction, we analyzed the FRET donor ratio according to Youvan et al. (25) , which has the great advantage that it is intensity-independent. Fig. 1e shows the time course of an experiment similar to the one shown in Fig. 1d . Application of 2.5 M staurosporine induces the change from orange to green fluorescence in K562 pCasper cells at different time points (four cells are marked R1-R4). The FRET signal and the FRET donor ratio after Youvan et al. (25) were calculated (both color-coded). Fig. 1f shows that in the donor ratio time series, the signals of cells R1-R4 disappear at different time points but remain constant before this time point. The change in slope can be easily quantified and is a very reliable measure for apoptosis induction. This method was used to quantify data as shown in Fig. 1 (ad) . The results are shown in Fig. 1g and represent the time course of apoptosis induction in Jurkat pCasper and K562 pCasper cells by staurosporine or Apo 1-1. In Jurkat pCasper cells, both staurosporine and Apo 1-1 induce apoptosis without much delay. In K562 pCasper cells, staurosporine induces apoptosis after a delay of 2-3 h. Apo 1-1 has no effect, which is expected, considering the absence of the FasR CD95.
To test the specificity of the Casper-GR construct, we mutated its DEVD binding site to DEVA, which cannot be cleaved by caspase. Jurkat E6-1 cells were transiently transfected and exposed to the same Apo 1-1 or staurosporine concentrations as in Fig. 1c . Two representative cells are shown in Fig. 1h . Despite clear morphological signs of apoptosis induction (blebbing and loss of organelle movement), there was no change in the overlay of FRET fluorescence and GFP signal of Casper-GR (top) or in the donor ratio (bottom), as also evident from the average of 10 cells for each condition (Fig. 1i ). We did not observe a single transfected cell with any sign of fluorescence changes. In conclusion, Jurkat pCasper and K562 pCasper cells are reliable tools to report the exact time point of caspase-dependent apoptosis induction. The change of the caspase-sensitive recognition sequence DEVD to the insensitive DEVA sequence rendered the FRET sensor inactive during apoptosis.
Casper-GR reports apoptosis and necrosis in target cells following contact with NK cells
NK cells can induce apoptotic or necrotic cell death in their respective targets and potentially also induce "mixed" forms of target cell death. A main difference between apoptotic and necrotic cell death is the integrity of the cell membrane, which is at least initially kept intact during apoptosis but is immediately disrupted during necrosis (26) .
Because Jurkat E6-1 and K562 cells differ in the expression of the FasR (23, 24) , they can be used to analyze NK cell-mediated perforin/granzyme cytotoxicity either in combination with (Jurkat pCasper) or without (K562 pCasper) concomitant FasL/ FasR-induced apoptosis.
To quantify target cell death by primary human NK cells, Jurkat pCasper target cells were additionally loaded with Fura-2, a small-molecule calcium indicator with excitation spectra well-separated from GFP and RFP. Fura-2 was excited close to its isosbestic point, where fluorescence does not depend on the calcium concentration. It was thus used here as a relatively small cytosolic dye to report target cell lysis by necrosis, because it will rapidly diffuse out of the cell once significant membrane damage has been inflicted. Fig. 2a shows three different fluorescence signals of the same Fura-2-loaded Jurkat pCasper target cells: overlay of bright field signal and Fura-2 fluorescence (top); overlay of bright field signal, FRET fluorescence of Casper-GR, and GFP signal of Casper-GR (middle); donor ratio (FRET/GFP) (bottom). In this example, one NK cell approaches two target cells (marked by white arrows). The Fura-2 signal sharply deceases at 0 min in target 1 once contacted by the NK cell ( Fig. 2a ), averaged in Fig. 2b for five tar-
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gets. In parallel, the Casper-GR fluorescence signal starts to decline, albeit with slower kinetics due the large molecular weight of the sensor protein. These changes imply that target cell integrity is lost, indicative of necrosis. The donor ratio of target 1 (Fig. 2a , bottom) is maintained over time with no abrupt decrease, indicating that the target is not apoptotic.
The Fura-2 signal of target 2 does not decrease over time; it even slightly increases (because the target slightly shrinks). However, 5 min after contact with the same NK cell, the FRET signal of target 2 decreases, which is paralleled by an increase of the GFP signal, indicative of a caspase-dependent cleavage of the Casper-GR DEVD site, which diminishes the FRET efficiency and increases the GFP signal as averaged in five targets ( Fig. 2c ). Combining the drop of the FRET signal and the increase of the GFP signal, the donor ratio sharply drops (Fig.  2a, bottom) . Target 2 thus goes into apoptosis.
Because the rapid, parallel loss of both GFP and FRET fluorescence proved sufficient to determine killing by necrosis and because of potential harm to cell viability caused by UV light excitation, we proceeded to perform all subsequent imaging without Fura-2.
To further test membrane disruption as observed by dye loss during NK cell-induced killing of target 1, two dyes were combined, as measured by Lopez et al. (27) . Calcein was loaded in Jurkat E6-1, and propidium iodide was kept in the supernatant. Imaging revealed that after encountering a target cell, NK cells can induce the loss of the target cell's cytosolic dye (calcein) and the parallel intrusion of the supernatant dye (propidium iodide; Fig. 2d and quantified in Fig. 2e ). To verify that disruption of the target cell's integrity is caused by the NK cell at the contact site, . Spontaneous signs of apoptosis are indicated by the reduction of the FRET signal and corresponding gain of the GFP signal (green color in the overlay of the brightfield, GFP, and FRET channels). Counting dead cells after 6 h revealed that in these conditions, Ͼ95% were viable. c and d, the same experimental setup as in a or b, except that 2.5 M staurosporine or 5 g/ml anti-CD95 antibody Apo 1-1 was applied at time 0. e, quantification of FRET signals. As in c, 2.5 M staurosporine was applied to K562 pC cells at time 0. In addition to the brightfield, GFP, and FRET overlay as shown in d, FRET-Youvan and FRET donor ratio are calculated (both color-coded). Low values are shown in black to dark blue, and high ones are shown in red to white. R1-R4 are marked and turn apoptotic during the experiment. f, FRET donor ratio kinetics of the cells R1-R4 from e over 6 h. g, quantification of all cells from a-d. The time point of apoptosis induction in each cell was quantified by the abrupt reduction of the FRET donor ratio signal as shown in f. h, Jurkat cells were transfected with the Casper-GR construct with a DEVA mutation in the caspase-binding site. Overlay of brightfield, GFP, and FRET channel and the FRET donor ratio is depicted for two cells stimulated with 2.5 M staurosporine or 5 g/ml anti-CD95 antibody Apo 1-1. Both cells are clearly apoptotic after 2 h, as indicated by morphological changes but show no change in fluorescence signals or the FRET donor ratio (h, quantification of n ϭ 10 cells per condition in i). 
the fluorescence intensity of the intruding dye, propidium iodide, was analyzed. Using a line plot, which starts at the IS and dissects the target cell in half ( Fig. 2f ), propidium iodide fluorescence intensity was plotted over time. Results confirm that propidium iodide enters the target cell at the IS and then gradually distributes to the distant part of the target cell ( Fig. 2g ), as described previously by Lopez et al. (27) . This shows that NK cells are able to induce target necrosis by a disruption in the target cell's membrane at the contact site, the IS.
In conclusion, Casper-GR can reliably be used as an apoptosis and necrosis sensor that reports single-target cell death induced by primary human NK cells. Interestingly, the same NK cell is able to kill two different targets within minutes by two different killing modes during serial killing (see also Video S1).
Distinguishing the target cell death spectrum by Casper-GR fluorescence pattern following NK cell contact
Analyzing cell morphology and Casper-GR fluorescence in parallel offers the possibility to categorize the target cell death spectrum following contact with primary human NK cells. We have analyzed, classified, and quantified different modes of cell death in Jurkat pCasper cells killed by human NK cells. Fig. 3a depicts a target cell that shows typical apoptosis signs after NK cell contact; it shrinks and blebs. This is paralleled by a prominent increase of GFP fluorescence and a decrease in the FRET signal. Quantification is shown in Fig. 3b . In particular, the GFP signal increase and the concomitant donor ratio decrease offer an exact temporal quantification of apoptosis initiation as shown before in Fig. 2 .
In some of the initially apoptotic target cells, a sudden drop of both the higher GFP signal (after apoptosis) and FRET fluorescence was observed (compare GFP fluorescence between 0 and 10 min in Fig. 3c ). This was paralleled by a volume increase of the target cell, indicating that the cell was lysed. We refer to this type of cell death as secondary necrosis after the target cell was initially killed by apoptosis. Initiation of secondary necrosis can be exactly quantified by the abrupt decline in both GFP and FRET signals as indicated at time 0 in Fig. 3d , whereas the donor ratio remains unchanged.
In target cells that show an increase of volume after NK cell contact without any sign of apoptosis ( Fig. 3e ), a parallel and quantitatively identical decrease of GFP and FRET signals was observed ( Fig. 3f ), indicating that target cell lysis was initiated. The donor ratio remains constant with no signs of apoptosis. We refer to this type of cell death as primary necrosis because cells lose their integrity and burst open without prior caspase activity.
In some target cells, we observed a mix of morphological signs indicative of apoptosis and necrosis in the target cells (volume increase and cells turning from orange to green). In these target cells, both GFP and FRET signals decreased ( Fig. 3 , g and h); however, the GFP signal decreased to a lesser extent compared with the FRET signal, which results in a loss of RFP fluorescence and less orange cell appearance (and thus more green). This is also evident by the decrease in donor ratio, indicative of apoptosis. Target cell necrosis and apoptosis are initiated within 1 min (at approximately the same time point; Fig.  3h ), and we thus refer to this mode of cell death as a mixed phenotype.
In summary, Casper-GR reliably reports a spectrum of target cell death modes following contact with primary human NK cells. Our data also reveal that NK cells kill target cells in multiple ways ranging from apoptosis with or without secondary necrosis via mixed phenotypes to primary necrosis. Interestingly, the very same NK cell can kill one target by primary necrosis and the next one within very few minutes by apoptosis. The target cell death spectrum is not "black and white" with only apoptosis and necrosis, but intermediates exist, and primary human NK cells make full use of the spectrum. By a combined quantitative analysis of GFP, FRET, and donor ratio, the exact starting point of the cell death mode can be determined.
We used Casper-GR fluorescence changes to create a target cell death plot after NK cell contact for more than 50 cells analyzed from three different blood donors ( Fig. 3i ). To create the target cell death plot, target cells were randomly chosen, with the only exclusion criterion that they did not escape from the field of observation during the entire length of the experiment. The total number of randomly chosen target cells was set to 100%, and they are presented as a stacked line plot. During long-term experiments of 17 h, NK cells initially kill their targets by either primary necrosis (light gray) or apoptosis (green), whereas at later times, apoptosis, partially followed by secondary necrosis (dark gray), is predominant. Mixed cell death forms are included in primary necrosis in this analysis. Total killing by either primary necrosis or apoptosis after 17 h is also quantified as mean Ϯ S.D. of three donors (Fig. 3 , n and o). 68% of all target cells were apoptotic or secondary necrotic after 17 h. 27% were killed via primary necrosis. Total killing was 95%; 5% of target cells survived. Without NK cells, almost all targets remain viable over the time of an experiment, as also indicated in Fig. 1a .
In cell culture, IL-2 is routinely added to primary NK cells to increase their perforin content and make them more killingcompetent (28) . After 24 h of IL-2 stimulation, there was a tendency of an increased share of primary necrosis by 15% to a total of 42% ( Fig. 3 , j and n), although this difference did not reach statistical significance (p ϭ 0.077). There is, however, a clear increase in the speed of early necrosis induction within the first 2-3 h. The respective share of apoptotic and secondary necrotic cells was lowered to 58% ( Fig. 3o ). Total killing was 100% ( Fig. 3 , j and p). In conclusion, necrotic killing was enhanced by IL-2 stimulation at the expense of apoptotic killing, with the total killing remaining constant over time.
Quantification of perforin/granzyme versus FasL/FasRinduced target cell death by NK cells
NK cells can kill their targets by perforin/granzyme stored in lytic granules or by the FasL/FasR mechanism (14, 28) . We tested the function of both pathways in four different ways using the single-cell death assay.
Pharmacological intervention-At low nanomolar concentrations, concanamycin A (CMA) can be used to interfere with the perforin/granzyme pathway without interfering with the FasL/FasR mechanism (14, 29) . Application of CMA indeed inhibited primary necrosis in target cells induced by NK cells almost completely (down to 2%) ( Fig. 3, k and n) . Interestingly, the apoptotic portion including secondary necrosis increased
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to 93%, unmasking FasL/FasR activity following inhibition of the perforin/granzyme pathway (Fig. 3, k and o) .
Whereas CMA proved to be a very potent inhibitor of perforin based killing, it is more difficult to pharmacologically interfere with FasL/FasR killing. Antibodies against FasL have been shown to partially inhibit FasL toxicity. Using a combination of two clones (NOK-1 and NOK-2) to bind and block two similar but distinct FasL epitopes (30), the apoptotic portion was lowered by 28% to a total of 30% apoptotic and secondary necrotic cells compared with the IL-2 control (Fig. 3, l and o) . Thus, as expected, anti-CD178 antibodies could partially reduce apoptosis. Interestingly, the portion of primary necrosis killing was increased by 26 -68%, unmasking the perforin/granzyme activity in the case of FasL/FasR inhibition (Fig. 3, l and n) .
Finally, combining CD178 antibodies and CMA to inhibit both apoptosis and necrosis, primary necrosis was blocked almost completely to 2% as by CMA alone (Fig. 3, m and n) , whereas apoptosis combined with secondary necrosis remained largely unchanged (Fig. 3, m and o) . Only under these conditions was total killing significantly reduced; otherwise, total killing remained the same (Fig. 3p ).
Induction of apoptosis and necrosis via purified perforin and granzyme B-To elucidate the potential and ratio of necrosis or apoptosis induction by perforin and granzyme B, we tested a concentration series of purified perforin and granzyme B on target cells in the absence of NK cells ( Fig. 4) .
Without perforin, a concentration of 200 pg/l granzyme B did not induce apoptosis, and all target cells remained viable (Fig. 4a ). The addition of increasing perforin concentrations with granzyme B kept at 200 pg/l led to a dose-dependent induction of necrosis ( Fig. 4 , b-d) up to 91% at 200 pg/l perforin ( Fig. 4d ) with varying amounts of apoptosis induction, which was highest at 100 pg/l perforin ( Fig. 4c ). Perforin alone only induced necrosis with no apoptosis present ( Fig. 4e ). We conclude that at high perforin concentrations, target cell necrosis is predominant, probably because target cells cannot repair membrane damage by perforin, whereas at intermediate concentrations, perforin and granzyme B also induce apoptosis probably by the perforin-dependent uptake of granzyme B.
To test whether granzyme B may enter the cell in the absence of perforin via endocytosis and induce apoptosis, granzyme B concentration was increased to 1250 pg/l. At this concentra-tion, granzyme B was able to induce apoptosis in a low number of cells (11%), as indicated in the example in Fig. 4f .
In conclusion, perforin and granzyme B, besides inducing necrosis in a perforin concentration-dependent way, are also able to induce a significant amount of target cell apoptosis and thus very likely contribute to target cell apoptosis induced by NK cells.
Lytic granules accumulate at the immune synapse before necrosis induction-The complete inhibition of primary necrosis by interfering with perforin release following CMA incubation, in combination with the finding that perforin acts exclusively at the immune synapse ( Fig. 2f) (27, 31) , predicts that lytic granules should always be present at the IS in case NK cells kill by necrosis but not necessarily if they kill by apoptosis. To correlate target cell death with NK lytic granule movement, we stained lytic granules with LysoTracker Red and acquired three-dimensional (3D) time-lapse data. LysoTracker Red not only marks lytic granules (and lysosomal compartments) in NK cells but (unfortunately) also in target cells. Therefore, fluorescently labeled structures in the NK cell are marked by a white arrow to distinguish them from the structures in the target cells, in which the plasma membrane is highlighted with a white line. Fig. S3a shows that the bulk of lytic granules in NK cells are translocated as a group. For every immune synapse analyzed, necrotic target cell death occurred only after the group of lytic granules arrived at the IS, evident by the LysoTracker fluorescence signal within the NK cell close to the plasma membrane of the target cell ( Fig. S3a , six of six cells). To kill several target cells, the group of lytic granules moved sequentially from IS to IS (Fig. S3a ) from the first IS formed with the right target to the second one formed with the left target. In case NK cells killed targets by apoptosis, lytic granules were not necessarily relocated to the IS. Fig. S3b shows that apoptosis of the target is initiated, as indicated by the increased GFP signal, without any LysoTracker signal being close to the IS. The statistics confirm that in 50% of apoptosis cases, lytic granules were not localized at the IS, whereas in the other 50% they were (n ϭ 8 cells). Thus, there is no correlation between target cell apoptosis and lytic granule localization at the IS. This result is in very good agreement with the finding that perforin release from lytic granules is not required for apoptosis ( Fig. 3k ). However, perforin and 
granzyme are able to induce apoptosis without FasL/FasR activation ( Fig. 4c) .
Analysis of Fas-deficient target cells-To analyze the role of FasR, K562 pCasper cells that express FasR were compared with Jurkat pCasper cells. We used NK cells from the same blood donor to compare target cell death in both cell lines. Figs. 5 (a and b) confirms what was already shown for other blood donors in Fig. 3 ; NK cells kill Jurkat pCasper cells both ways, by apoptosis and primary necrosis, whereas in CMA-treated Jurkat pCasper cells, primary necrosis is completely inhibited.
The same experiments were carried out with FasR-deficient K562 pCasper targets (Fig. 5, c and d) . The probability of primary necrosis induced by NK cells was found to be very high, with only very little apoptosis (and secondary necrosis) present. Following incubation with CMA, neither apoptosis nor necrosis of target cells were observed. This confirms that the perforin/granzyme pathway is responsible for all primary necrosis but in addition also initiates apoptosis (and secondary necrosis) in some targets (Fig. 5c ), as already suggested by the experiments with purified perforin and granzyme (Fig. 4c ).
Calcium influx changes the apoptosis/necrosis ratio
Ca 2ϩ entry through Orai channels in NK cells and the concomitant Ca 2ϩ signals are highly relevant for target cell death following immune synapse formation between NK cells and their targets (29, (32) (33) (34) . Using the single-cell assay, we tested whether Ca 2ϩ entry influences the apoptosis/necrosis ratio.
With 1 mM extracellular Ca 2ϩ present, Jurkat pCasper target cells were killed by NK cells similarly as shown before in AIMV medium, which contains 800 M free Ca 2ϩ (29) with a balanced ratio of apoptosis and primary necrosis, analyzed during 80 min (Fig. 6a ). With no external Ca 2ϩ added and the remaining Ca 2ϩ buffered by EGTA, primary necrosis was completely inhibited (Fig. 6b ) because release of lytic granules and the action of perforin both require Ca 2ϩ (29, 33, 35, 36) . Apoptosis was increased under these conditions, unmasking the activity of the FasL/FasR pathway.
In cases where FasR-deficient K562 pCasper cells were used as targets, NK cells killed the target mostly by primary necrosis with very little apoptosis in the presence of 800 M free Ca 2ϩ in AIMV medium (Fig. 6c) , induced by the perforin/granzyme mechanism. However, with drastically reduced external Ca 2ϩ (buffered with 1 mM EGTA, which decreases free Ca 2ϩ in AIMV below 3 M (29)), both necrosis and apoptosis were basically absent (Fig. 6d ), because 1) perforin release at the IS and perforin-mediated target cell lysis both require Ca 2ϩ , and 2) FasR is not expressed in K562 cells.
We tested the Ca 2ϩ dependence of the apoptosis/necrosis ratio in more detail. External Ca 2ϩ concentrations between 3 and 4547 M were applied to the Jurkat pCaper3 target cells, and NK cell-dependent target cell apoptosis and necrosis were quantified after 2 h. Whereas apoptosis is more frequent at low Ca 2ϩ (green cells and green bars in Fig. 6 (e and f) ), necrosis 
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frequency is significantly increased at higher Ca 2ϩ (gray bars in Fig. 6f ). At very low Ca 2ϩ , perforin action is impaired (36) , and thus necrosis is completely absent below 30 M. Ca 2ϩ influx largely controls the apoptosis/necrosis ratio.
Manual versus automated apoptosis and necrosis analysis
As described under "Experimental procedures," we analyzed each cell presented in this work individually and manually confirmed positioning of ROIs and fluorescence values. This analysis method is very reliable but, obviously, time-consuming; therefore, we developed a semi-automated analysis routine that can be performed with standard software packages. Target cells were detected using Imaris (Bitplane), and the required mathematical calculations were automated in Excel as described under "Experimental procedures."
We compared the results of manual and automated analysis for three blood donors (Fig. S4) using the same experimental conditions as shown in Fig. 3 (i-m) . Between blood donors there are slight differences regarding cytotoxicity of their respective NK cells. The automated analysis matches the manual one qualitatively very well and, in most cases, also quantitatively with two exceptions. First, the automated analysis used here does not distinguish between primary and secondary necrosis. Both are counted simply as necrosis but compare well with the sum of primary and secondary necrosis from manual analysis. The second difference is that the onset of necrotic events appears to be slightly earlier in the automated compared with the manual analysis, which is most likely attributable to threshold settings.
Single-target cell death analysis in a 3D collagen matrix
One disadvantage of working with human cells is that in vivo experiments are not feasible. To mimic physiologically relevant conditions more closely, we established the single-cell death assay in a 3D environment. A collagen matrix-based system was established to analyze interactions between single NK cells and Jurkat pCasper cells in a 3D environment (37) . For these measurements, light-sheet microscopy was chosen because it offers very fast measurements of larger three-dimensional samples with minimal dye bleaching and phototoxicity (38) . Fig. 7a depicts a reconstructed image of a three-dimensional matrix at one time point obtained by light-sheet microscopy. Target cells are orange (viable) or green (already apoptotic), and NK cells are stained by LysoTracker Red (red color). In the 3D matrix measurements, target cell apoptosis ( Fig. 7b ) and primary necrosis (Fig. 7c) following NK cell contact can be easily distinguished and quantified. We performed the same analysis as for 2D measurements. Consistent with caspase-dependent target cell apoptosis, the GFP signal increased, whereas the FRET slightly decreased and, most importantly, the donor ratio decreased (Fig. 7d) . Consistent with target cell necrosis, fluorescence in the GFP and FRET decreased in parallel, whereas the donor ratio remained relatively unchanged (Fig. 7e) . These examples show that the single-cell apoptosis/necrosis assay can be transferred into a 3D matrix-based environment. The activity of primary human cytotoxic immune cells can be analyzed at a single-cell level in a large 3D matrix under well-controlled temperature and pH conditions, which together better resemble the physiological in vivo environment than 2D-coated flat surfaces. 
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We further explored the 3D experimental assay by growing spheroids of MCF-7 cells, a cell line that does not contain caspase-3 (39) but can be killed by NK cell-mediated apoptosis (Fig. S5, a and b) . These experiments also confirm that other caspases cleave the DEVD sequence (21, 22) . Transfection of caspase-3 into MCF-7 cells, however, had a tendency to accelerate apoptosis (Fig. S5c) , indicating that caspase-3 plays an important role following NK cell-mediated target cell death. NK cells embedded in a collagen matrix together with MCF-7 spheroids that we observed to migrate toward the edge of the spheroid and to induce target cell death, as shown in Fig. 7  (fh) . Thus, the assay can be used to monitor target cell death in 3D spheroids.
Discussion
The assay developed here allows quantification of target cell death induced through contact with primary human natural killer cells regarding kinetics, modes (apoptosis or necrosis or mixed forms), and mechanisms (perforin/granzyme versus FasL/FasR) on a single-cell level. We found that inhibition of either one of the two major cytotoxic pathways, perforin/granzyme release or FasL/FasR interaction, unmasked the parallel activity of the other one. This may explain why mild perforin malfunction apparently does not cause strong phenotypes but may correlate with long-term cancer development (17) . The prevailing mode of cancer cell death has a large impact on the local tumor environment by shaping the profile of released inflammatory versus tolerogenic substances. For instance, the release of inflammatory substances like ATP (40) is higher in the case of necrosis. The possibility of controlling the apoptosis/necrosis ratio offers an intriguing opportunity to influence the tumor microenvironment. Modification of Ca 2ϩ influx is one possibility. Ca 2ϩ influx through Orai1 channels is important for killer cell function (33) (34) (35) , and there is an apparent Ca 2ϩ optimum for cytotoxicity (29) . We found that Ca 2ϩ influx regulates the ratio between NK cell-induced cancer cell apoptosis and necrosis. An Orai1 channel blocker could thus be an interesting tool to guide the mode of killer cell cytotoxicity by changing the apoptosis/necrosis ratio, thereby regulating the immunogenicity of cancer cell death.
Screening cytotoxicity of CTL or NK cells is currently receiving attention, considering the many advances of immunotherapy against cancer (1) (2) (3) (4) . This is particularly important because human NK cells have recently become more relevant for adoptive cellular immune therapy against cancer (9) . Considering the substantial interspecies differences between mice and humans regarding NK cell subsets and receptors, which cause major problems for clinical translation (9) , in vitro assays for human NK cells or humanized mice gain relevance. The 2D and 3D assays reported here are ideally suited to analyze the efficiency of natural killer cells of cancer patients, including kinetics, mode, and mechanism of target cell killing to predict treatment efficiency.
Experimental procedures
Ethical approval
Research was approved by the local ethics committee (approval 84/15; Prof. Dr. Rettig-Stürmer). The local blood bank in the Institute of Clinical Hemostaseology and Transfusion Medicine at Saarland University Medical Center provided leukocyte reduction system chambers, a by-product of platelet collection from healthy blood donors. All blood donors provided written consent to use their blood for research purposes.
Reagents, buffers, and solutions
Calcein-AM (C3100), and Fura-2/AM (F1211) were purchased from Thermo Fisher Scientific. Anti-human CD178 was from BD Biosciences. Anti-human CD95 Apo 1-1 was from Enzo Life Sciences. Mouse IgG1 APC isotype control, mouse IgG1 FITC isotype control, and mouse IgG2a PE isotype control were from Biolegend. IL-2 was from Invitrogen. Nucleofector Kit V was from Lonza. Vectors for pCasper-GR, TagGFP-N, and TagRFP-N were from Evrogen. BSA was from Sigma-Aldrich. BSA buffer contained 2 ml of 1 M HEPES stock, 5 ml of 3 M NaCl stock, 1 g of BSA, pH 7.4, and 100 ml of doubledistilled H 2 O. Dulbecco's PBS was from Thermo Fisher Scientific, the Dynabeads Untouched TM human NK cell isolation kit was from Thermo Fisher Scientific, fetal calf serum (FCS) (EU-approved) was from Thermo Fisher Scientific, fibronectin was from Sigma-Aldrich, human granzyme B (ALX-200-602-C010) and perforin (ALX-200-604-C001) were from Enzo, collagen was from Advanced BioMatrix, LysoTracker Red DND-99 was from Thermo Fisher Scientific, PBS was from Thermo Fisher Scientific, penicillin/streptomycin was from Thermo Fisher Scientific, poly-L-ornithine was from Sigma-Aldrich, propidium iodide was from Thermo Fisher Scientific, and concanamycin A was from Santa Cruz Biotechnology, Inc. RPMI 1640 was from Thermo Fisher Scientific, G418 was from Thermo Fisher Scientific, staurosporine from Streptomyces sp. was from Sigma-Aldrich, and TetraSpeck TM microspheres were from Thermo Fisher Scientific. 0 mM Ca 2ϩ Ringer's solution contained 155 mM NaCl, 4.5 mM KCl, 10 mM glucose, 5 mM Hepes, 3 mM MgCl 2 , 1 mM EGTA, pH 7.4 (1 N NaOH). 0.5 mM Ca 2ϩ Ringer's solution contained 155 mM NaCl, 4.5 mM KCl, 10 mM glucose, 5 mM Hepes, 2.5 mM MgCl 2 , 0.5 mM CaCl 2 , pH 7.4 (1 N NaOH). 1 mM Ca 2ϩ Ringer's solution contained 155 mM NaCl, 4.5 mM KCl, 10 mM glucose, 5 mM Hepes, 2 mM MgCl 2 , 1 mM CaCl 2 , pH 7.4 (1 N NaOH). All other chemicals and reagents not specifically mentioned were from Merck, J.T. Baker, or Sigma-Aldrich.
Primary human NK cells
Human peripheral blood mononuclear cells (PBMCs) of healthy donors were isolated from leukocyte reduction system chambers used for thrombocyte apheresis (Institute of Clinical Hematology and Transfusion Medicine, Homburg, Germany) by density gradient centrifugation using Lymphocyte Separation Medium 1077 (PromoCell) as described previously (41) . Primary NK cells were isolated from PBMC using Dynabead Untouched TM NK cell isolation kits (Thermo Fisher Scientific) according to the manufacturer's specifications as described previously (41) . NK cells were incubated at 37°C, 5% CO 2 in AIM V medium (Thermo Fisher Scientific) substituted with 10% FCS at 2 ϫ 10 6 cells/ml and, depending on the experiment, either used untreated or substituted with 100 units/ml IL-2 (Thermo Fisher Scientific). Purity of NK cells after isolation was checked via flow cytometry analysis. 93.3 Ϯ 1.6% of the negatively isolated cells were NK cells, compared with 7.49 Ϯ 1.68% within the PBMC (mean Ϯ S.D. of three donors) ( Fig. S6 ). Contamination of the purified NK population by monocytes and B and T cells was excluded via CD14, CD19, CD3, and CD4 flow cytometry analysis (Fig. S6) . In many publications, NK cells are stimulated by IL-2 (28, 42, 43) . To check the effect of IL-2 stimulation on freshly isolated primary human NK cells, cells were cultivated for 1-8 days in the presence of 100 units/ml IL-2 before use.
Generation of stable target cell lines with Casper-GR
3 ϫ 10 6 Jurkat E6-1 (ATCC, TIB-15 TM ) or K562 (ATCC 1994) were transfected with 2 g of pCasper3-GR vector (Evrogen) (20) using a Nucleofector II (Lonza, program C-016). The transfected population was treated for 6 days with 2.5 mg/ml and then for 12 days with 1.25 mg/ml G418. Subsequently, the population was seeded in 96-well plates after dilution to 0.5 cells/well. Wells that contained only one cell were marked, and fluorescence signals of growing colonies were assessed. Fluorescent, monoclonal colonies were transferred to bigger flasks. Jurkat E6-1 and K562 cell clones were maintained in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% FCS, 1% penicillin/streptomycin (Thermo Fisher Scientific), and 1.25 mg/ml G418. To check the proportion of fluorescent NK cells induce distinct modes of cancer cell death cells, both target cell lines, referred to as Jurkat pCasper and K562 pCasper were analyzed by flow cytometry. Comparing them with the original cell lines, flow cytometry analysis confirmed that, in both cases, Ͼ93% of cells are expressing the fluorescent sensor protein at easily detectable, homogeneous levels (Fig. S1 ).
2D life cell imaging
2D life cell imaging was carried out with three different imaging systems: Cell Observer (Zeiss), DMI 6000 B (Leica), or ImageXpress Micro XLS (Molecular Devices). All systems are equipped for 37°C, 5% CO 2 incubation.
For Cell Observer, excitation was realized via Colibri LEDs 470 nm and neutral white LED with excitation BP 560/40 nm. The GFP filter set was Zeiss 38 HE (excitation BP 470/40 nm, emission BP 525/50 nm). RFP filter set was 45 HQ (excitation BP 560/40 nm, emission BP 630/75 nm). The RFP excitation filter was removed from cube and mounted in front of the neutral white LED to enable GFP excitation to pass the 45 HQ filter cube during FRET experiments.
For the DMI 6000 B (Leica), excitation was realized via a mercury short-arc reflector lamp (EL6000) using Ex 490/20 nm and Em 525/36 nm filters for GFP and Ex 552/24 nm and Em 600/32 nm filters for RFP.
For the ImageXpress, excitation was realized via Spectra X LED illumination (Lumencor) using LEDs 470/24 and 542/27 nm for GFP and RFP excitation, respectively. The filter sets for FRET were Ex 472/30 nm and Em 520/35 nm for GFP and Em 641/75 nm for RFP. A 20 ϫ S Fluor 0.75 numerical aperture objective (Nikon) was used.
For imaging, target cells were settled on 25-mm glass coverslips (Kindler) or in black 96-well plates with transparent bottom (Sigma-Aldrich). Both were coated with 50 l of 0.1 mg/ml fibronectin (Sigma-Aldrich), which facilitates cell migration. Fibronectin was coated onto the coverslip or well bottom for 30 min at room temperature and then aspirated. The coated surface was dried via sterile bench airflow for 10 min, and then the target cells (1 ϫ 10 5 up to 8 ϫ 10 5 cells, depending on desired density) were settled onto the coated surface in cell medium for 30 min at 37°C, 5% CO 2 . Cells were covered with cell medium or Ca 2ϩ buffer solution, 950 l in coverslip-based microscopy and 100 l in 96-well plate-based microscopy. Either RPMI or AIM V was used; both were supplemented with 10% FCS, 10 mM HEPES, and 1% penicillin/streptomycin for long-term experiments. For coverslip-based microscopy experiments, NK cells were added after the acquisition start in a volume of 50 l, adding up to a total medium volume of 1 ml. In 96-well (BD Biosciences) plate-based microscopy, NK cells were added before acquisition start in 100 l of cell medium, adding up to a total volume of 200 l/well. NK cells sank to the coated surface, adhered, started migration, and interacted with target cells.
For certain experiments, target cells were stained with calcein (Thermo Fisher Scientific), Fura-2 AM (Thermo Fisher Scientific), or LysoTracker Red (Thermo Fisher Scientific). For calcein or Fura-2 AM staining, 5 ϫ 10 5 target cells were suspended in 1 ml of RPMI ϩ 10 mM Hepes and incubated for 15 min at room temperature on a shaker with 500 nM calcein or 1 M Fura-2. Cells were centrifuged for 8 min at 300 ϫ g, resus-pended in 50 l of RPMI, and settled on a coated coverslip or 96-well plate as described. Fura-2 AM was not imaged ratiometrically but, in this case, was used only as cytosolic label, excited at 360 nm. NK cells were stained with LysoTracker Red by 30-min preincubation of 2 ϫ 10 5 NK cells in 1 ml of AIM V ϩ FCS ϩ 100 nM LysoTracker Red at 37°C, 5% CO 2 . NK cells were centrifuged for 8 min at 300 ϫ g and then resuspended in 50 l of AIM V and added to the measurement. For long-term measurements, LysoTracker Red was added to the supernatant. To visualize dye influx in target cells following membrane disruption, 100 M propidium iodide (Thermo Fisher Scientific) was added to the supernatant.
MCF-7 cell culture and transfection
MCF-7 cells were cultured in Dulbecco's modified Eagle medium containing 10% FCS. They were transfected by nucleofection (Amaxa Nucleofector II, Lonza Kit NHEM Neo, program A024) with 2 g of pcDNA3-Casp3-myc (Addgene plasmid 11813) or 2 g of empty pcDNA3 vector and 2 g of pCasper3-GR vector. pcDNA3-Casp3-myc (44) was a gift from Guy Salvesen.
3D life cell imaging with light-sheet microscopy
For selective plane illumination microscopy with the Z.1 light-sheet microscope (Zeiss), excitation was realized by two lasers, 488 and 561 nm. Emission was filtered via Em 525/40 nm and Em 585 LP filters.
Nutragen (Advanced Biomatrix) was used to create 3D collagen matrices according to the manufacturer's specifications. 0.25 ϫ 10 6 NK cells were preincubated for 30 min with 500-nm LysoTracker Red, mixed with 1.5 ϫ 10 6 Jurkat pCasper cells in a 50-l collagen matrix, and sucked into a glass capillary (Zeiss). The capillary was incubated vertically for 1 h at 37°C, 5% CO 2 for gelation. For spheroid experiments, MCF-7 cells were transfected as described above and cultured for 24 h in a low binding 24-well plate (VWR 734 -1584) to form spheroids. NK cells and spheroids were mixed in the collagen matrix and incubated horizontally in a capillary for gelation. Imaging was performed in AIM V substituted with 500 nm LysoTracker red at 37°C, 5% CO 2 at 10-or 20-s intervals per stack, depending on the imaged volume.
Image analysis
Image analysis and post-processing was done with Axiovision version 4.8 (Zeiss), Zen version 11.0.0.190 (Zeiss), ImageJ version 1.5i (National Institutes of Health), Imaris version 8.1.2 (Bitplane), Igor Pro version 6.2.2.2 (Wavemetrics), Huygens version 4.5.1p3 (SVI), and Excel 2010 (Microsoft). Background subtraction, bleaching correction, F/F 0 normalization, and donor ratio calculation were performed with ImageJ and Excel. Using ImageJ, background was subtracted via a rolling ball algorithm, and cells were tracked manually via the Speckle TrackerJ plugin (45) . ROI intensities were assessed via the Speckle Intensity Trajectories plugin (45) . ROI intensity data were processed and visualized via Excel 2010.
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Long-term imaging assay (with concanamycin A and anti-CD178)
The bottom of a black, clear 96-well plate was coated with fibronectin at room temperature and then aspirated. The coated surface was dried via sterile bench airflow for 10 min. Per well, 1 ϫ 10 5 Jurkat pCasper target cells in 100 l of AIM V ϩ 10% FCS ϩ 10 mM HEPES were settled for 30 min at 37°C, 5% CO 2 . NK cells of different donors were used 1 day after isolation and either used unstimulated or stimulated with 100 units/ml IL-2 (Thermo Fisher Scientific). Stimulated NK cells (1 ϫ 10 5 cells/condition) were preincubated for 4 h with 200 nM CMA (Santa Cruz Biotechnology, Inc.), 20 g/ml CD178 antibody (BD Biosciences; clones NOK-1 and NOK-2 at 1:1), or both at 37°C, 5% CO 2 in a round-bottom 96-well plate (BD Biosciences). After preincubation, NK cells were added to the targets at 1:1 to a total volume of 200 l/well, thereby lowering CMA concentration to 100 nM and antibody concentration to 10 g/ml during the experiment. Total acquisition time was 17 h in 4-min intervals using the ImageXpress Micro XLS system (Molecular Devices) at 37°C, 5% CO 2 . Acquired image data were loaded in ImageJ as time series, and background subtraction was performed via a rolling ball algorithm.
FRET evaluation, correction factors, and donor ratio calculation
To evaluate FRET correction factors, Jurkat E6-1 cells were transfected separately with TagGFP-N or TagRFP-N (Evrogen) as described (46). After cultivation, cells were seeded and imaged on coated coverslips as described using Cell Observer Z1 (Zeiss). Each transfection was checked in donor, acceptor, and FRET channel using equal excitation times (300 ms), LED intensities of 25%, and a 20ϫ/0.75 Fluar objective (Zeiss) (Fig.  S7 ). The percentages of donor bleed through and acceptor cross-talk of the previously described filter setting were determined at 3.6 and 22.6% using the FRET and colocalization analyzer plugin for ImageJ (National Institutes of Health). The corrected FRET signal F c was calculated by linear unmixing, using the correction factors mentioned as F c ϭ (Ch fret Ϫ BG fret ) Ϫ (Ch don Ϫ BG don ) ϫ cf don Ϫ (Ch acc Ϫ BG acc ) ϫ cf acc . Each fluorescent signal (Ch) was corrected by background signals (BG). cf don and cf acc are the slopes of donor bleed-through and acceptor cross-talk ( Fig. S7 ). Based on this, the intensity-independent donor ratio was calculated by dividing the FRET signal by the background-corrected fluorescence intensity of the donor fluorophore, GFP, according to Youvan et al. (25) as F DN ϭ F c /(Ch don Ϫ BG don ) using the AxioVision physiology module (Zeiss).
Manual target cell tracking and cell death analysis
Target cells were tracked manually using the Speckle TrackerJ plugin for ImageJ. Cells were chosen on a random basis but were discarded in cases where they left the field of view before the end of the experiment. xy positions for each observed cell were tracked for each time point. Fluorescence intensities were read out using the Speckle intensity plugin. Data were imported into Excel, fluorescence values were normalized to the start value of each track, and the donor ratio for each cell was calculated, as described above. Judging the fluorescence and donor ratio values as explained under "Results," the cell status was determined for each time point, being viable, apoptotic, necrotic, or secondary necrotic. This information was pooled for all observed cells for each time point. The total number of all observed cells was set to 100%. For each time point, the proportion of apoptotic, necrotic, or secondary necrotic cells was calculated and displayed in a color-coded diagram over time (death plot).
Automated target cell death analysis
Target cells were detected using Imaris (Bitplane), but this could be done with most available software packages, including ImageJ. For each time point, cells were detected via spot detection in the GFP fluorescence channel. To avoid tracking errors due to cell collisions and to keep the automated analysis as simple as possible, spots were not connected over time. Therefore, secondary necrosis cannot be distinguished from primary necrosis. Fluorescence values for all channels were extracted, and data were imported into Excel. For each spot, the donor ratio was calculated as described above. Spots with fluorescence values near the background (mean background fluorescence ϩ 10%) were defined as necrotic (lysed cell debris). Donor ratio and FRET data of all remaining spots (viable and apoptotic) were pooled for each time point. Histograms are shown in Fig.  S8 . Comparing the donor ratio over time, it is obvious that next to the distribution of living cells at time 0, another population of cells with a donor ratio Ͻ 0.6 develops, indicative of apoptosis. Similar as for manual analysis, cells with a clear drop of the FRET signal (in this case Ͻ600 units) are counted as being necrotic. During the very first pictures (before cytotoxicity by NK cells starts), the total number of cells is identical to the total number of detected spots. Unfortunately, necrotic cells often cannot be recognized by the spot detection algorithm because their fluorescence is indistinguishable from the background. Therefore, once the number of detected spots decreases due to cytotoxicity, the last detected maximum is kept as the total sum of cells (100%). This allows us to approximate the proportion of undetected necrotic cells as the number of cells missing to complete the total sum. For each time point, the number of viable, apoptotic, or necrotic cells is displayed in a color-coded, stacked diagram over time (death plot; Fig. S4 ).
Automated 3D cell tracking was performed with Imaris (Bitplane) using the GFP fluorescence of target cells with the autoregressive movement model. Maximum gap size was 3 time points, and maximum movement was 5 m between time points. Based on this tracking analysis, spherical ROIs for all fluorescence channels were created. The ROI's diameter was intentionally set smaller than the real target cell's diameter to exclude RFP and FRET fluorescence interference from nearby LysoTracker Red-labeled NK cells during synapse formation. For all tracked cells, fluorescence intensities were extracted, sorted with IgorPro (Wavemetrics), and processed via Excel.
Purified perforin and granzyme B
Black, clear-bottom 398-well plates (BD Biosciences) were coated with 0.1 mg/ml poly-L-ornithine (Sigma-Aldrich) analog to the fibronectin coating. Perforin and granzyme B, purified from YT-NK cells, were obtained from Enzo. Ca 2ϩ -HEPES
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buffer and BSA-HEPES buffer were prepared according to the manufacturer's specifications (Enzo). Per well, 2 ϫ 10 5 Jurkat pCasper cells were settled in 20 l of BSA-HEPES. Image acquisition was performed at 37°C, 5% CO 2 . 15 min after acquisition start, 20 l of BSA-HEPES buffer, containing the desired perforin and granzyme B concentration, were added to each well. 15 min after adding perforin and granzyme B, 40 l of Ca 2ϩ -HEPES buffer were added to each well to induce perforin activation, whereas image acquisition was continued to monitor cell viability. Background correction was performed via the rolling ball algorithm in ImageJ (National Institutes of Health). Cells were tracked automatically using Imaris (Bitplane). The number and type of cell death were calculated from fluorescence values using Excel (Microsoft).
Variation of extracellular free Ca 2؉ concentration in AIMV medium
AIMV medium with different extracellular free Ca 2ϩ concentration was prepared as described by Zhou et al. (29) . The calculated extracellular free Ca 2ϩ concentrations are presented, and they differ modestly from the ones measured by Zhou et al. (29) .
Flow cytometry
For details, please see Figs. S1, S2, and S5. To check the purity of isolated NK cells, cells were stained with an antibody mixture containing anti-human CD3 (clone SK7) from Biolegend, CD4 (clone RPA-T4), CD14 (clone MP9), CD16 (clone B73.1), CD19 (clone HIB19), CD45 (clone HI30), and C56 (clone NCAM16.2) all from BD Biosciences, washed twice in PBS ϩ 0.5% BSA. Jurkat pCasper and K562 pCasper cells were stained with an allophycocyanin-conjugated anti-human CD95 antibody (clone DX2; Biolegend) for 25 min at room temperature in the dark in PBS ϩ 0.5% BSA. Data acquisition was performed on a FACSVerse flow cytometer (BD Biosciences) and analyzed using FlowJo version 10.
Quantitative PCR
Quantitative RT-PCR was carried out with the QuantiTect SYBR Green PCR kit (Qiagen) using the CFX96 TM Real-Time SystemC1000 TM thermal cycler (Software Bio-Rad CFX Manager, version 3.0) as described previously (46). For the expression analysis of CD95 (FasR), the following primer pairs were used: CD95_1_forw (5Ј-CAAGGGATTGGAATT-GAGGA-3Ј) and CD95_1_rev (5Ј-TGG AAG AAA AAT GGG CTT TG-3Ј); CD95_2_forw (5Ј-GTC CAA AAG TGT TAA TGC CCA AGT-3Ј) and CD95_2_rev (5Ј-ATG GGC TTT GTC TGT GTA CTC CT-3Ј). RNAPol and TBP were used as reference genes. Sequences are given by Wenning et al. (47) .
To change Evrogen's pCasper-GR bp at position 1400 from A to C, QuikChange PCR (Agilent) was used with the following primers: primer BAN1033 QC caspase cleavage site forward (pCasper: DEVA), 5Ј-CAG CGG TGA CGA GGT CGC CGG TAC CTC AGT CGC CAC-3Ј; primer BAN1034 QC caspase cleavage site reverse (pCasper: DEVA), 5Ј-GTG GCG ACT GAG GTA CCG GCG ACC TCG TCA CCG CTG-3Ј. Primers were synthesized by MWG-Biotech.
Statistical analysis
Data are presented as mean Ϯ S.E. (n ϭ number of experiments) if not stated otherwise. Data were tested for significance using one-way analysis of variance or Student's t test (the latter if Gaussian distribution was confirmed): *, p Ͻ 0.05; **; p Ͻ 0.01; ***, p Ͻ 0.001; ns, no significant difference. Statistics were calculated using Microsoft Excel 2010, GraphPad Prism version 7.01, and Igor Pro version 6 (Wavemetrics) software. 
